The solution structure of protein AF2095 from the thermophilic archaea Archaeglobus fulgidis, a 123-residue (13.6-kDa) protein, has been determined by NMR methods. The structure of AF2095 is comprised of four a-helices and a mixed b-sheet consisting of four parallel and anti-parallel b-strands, where the ahelices sandwich the b-sheet. Sequence and structural comparison of AF2095 with proteins from Homo sapiens, Methanocaldococcus jannaschii, and Sulfolobus solfataricus reveals that AF2095 is a peptidyltRNA hydrolase (Pth2). This structural comparison also identifies putative catalytic residues and a tRNA interaction region for AF2095. The structure of AF2095 is also similar to the structure of protein TA0108 from archaea Thermoplasma acidophilum, which is deposited in the Protein Data Bank but not functionally annotated. The NMR structure of AF2095 has been further leveraged to obtain good-quality structural models for 55 other proteins. Although earlier studies have proposed that the Pth2 protein family is restricted to archeal and eukaryotic organisms, the similarity of the AF2095 structure to human Pth2, the conservation of key active-site residues, and the good quality of the resulting homology models demonstrate a large family of homologous Pth2 proteins that are conserved in eukaryotic, archaeal, and bacterial organisms, providing novel insights in the evolution of the Pth and Pth2 enzyme families.
Peptidyl-tRNA hydrolase (Pth) is a crucial bacterial enzyme that was first identified in Escherichia coli (Koessel 1970; Menninger 1979; Refugio Garcia-Villegas et al. 1991; Heurgue-Hamard et al. 1996) and subsequently classified in eukaryotes (Brun et al. 1971) . Pth cleaves the peptide from peptidyl-tRNA molecules that have prematurely dissociated from the ribosome during protein translation Schmitt et al. 1996 ). The freed tRNA can then be recycled back into the protein synthesis process. Aminoacyl tRNA fMet , the initiator of the translation process, is a relatively poor substrate for E. coli Pth and is correspondingly protected from hydrolysis. This permits free aminoacyl tRNA fMet to readily participate in the formation of the relatively slow ribosomal initiation complex without being prematurely hydrolyzed. The low hydrolase activity of Pth toward tRNA fMet has been attributed to the lack of base pairing for residues 1-72 in tRNA fMet and the resulting incorrect orientation of the 5¢-phosphate that is necessary for Pth activity (Schulman and Pelka 1975; Dutka et al. 1993 ). The accumulation of tRNA Lys as peptidyl-tRNA in mutant E. coli cell lines has been identified as the cause of slow growth and cell death (Menninger 1979; Heurgue-Hamard et al. 1996) . Presumably, this arises from the high propensity of tRNA Lys to disassociate from the translation complex during protein synthesis. The 1.2 Å X-ray structure of E. coli Pth indicates the protein adopts an a/b fold with a twisted mixed b-sheet (Schmitt et al. 1997) . This E. coli Pth structure was determined to be similar to an aminopeptidase, which permitted the mapping of the enzyme's active site to a catalytic triad composed of residues His 20, Asp 93, and His 113 (Goodall et al. 2004 ).
Although Pth is essential for viability of bacteria (Menez et al. 2002) and present in most eukaryotes, a number of archaea genomes contain no recognizable Pth homologs (Rosas-Sandoval et al. 2002; Fromant et al. 2003) . Recently, unique Pth (Pth2) activities have been identified in archaea Methanocaldococcus jannaschii and the thermophilic archaea Sulfolobus solfataricus. These enzymes, MJ0051 from M. jannaschii (Y051_METJA) and SSO0175 from S. solfataricus (Y175_SULSO), lack any sequence similarity with the well-characterized bacterial Pth enzyme class (Schmitt et al. 1997; de Pereda et al. 2004) . The recently determined X-ray crystal structure of human Pth2 (Protein Data Bank [PDB] ID 1q7s; de Pereda et al. 2004) , the first 3D structure of a Pth2 enzyme, reveals that in addition to the lack of sequence similarity between Pth and Pth2, these enzymes also exhibit completely different folds. The Pth2 structure resembles the thioredoxin family fold, but exhibits E. coli tRNA Lys hydrolase activity. The active site of human Pth2 was assigned to residues in the b 1 -a 1 loop and b 3 -b 4 loop based on the close spatial proximity of conserved residues of Pth2 enzymes. Despite this lack of sequence and structural similarity between Pth and Pth2, the biological activities of the two enzyme classes are complimentary. Indeed, E. coli strains lacking endogenous Pth are rescued by the expression of Pth2 (RosasSandoval et al. 2002; Fromant et al. 2003) . Eukaryotes contain both Pth and Pth2 enzymes, where Pth2 enzymes are thought to be involved in mitochondrial protein synthesis (Rosas-Sandoval et al. 2002; Jan et al. 2004; Stupack and Cheresh 2004) . In addition, a Pth/ Pth2 double mutant in Saccharomyces cerevisiae is viable, suggesting functional redundancy of Pth enzymes with some other eukaryotic enzyme(s).
Previously reported sequence analysis based on the Pth2 enzymes from human, archaea M. jannaschii, and thermophilic archaea S. solfataricus indicated that the Pth2 enzyme class was identified in numerous archaea and eukaryote organisms but was not present in bacteria (Rosas-Sandoval et al. 2002; Fromant et al. 2003; de Pereda et al. 2004 ). In addition, these enzymes were identified as members of the unannotated UPF0099 Pfam family, which only contained archaeal and eukaryotic proteins at the time of this analysis.
The human Pth2 enzyme is also known as Bcl-2 inhibitor of transcription 1 (Bit1). Bit1 is a mitochondrial protein that regulates apoptosis in a caspase-independent mechanism Stupack and Cheresh 2004) . The enzyme is located in the outer mitochondrial membrane, where, in the absence of integrin-mediated cell attachment, it migrates to the cytosol. Apoptosis is then initiated when Bit1 forms a complex with N-terminal enhancer of split (AES), which is a member of the Groucho family of transcriptional co-repressors. The exact details of the Bit1-mediated apoptosis pathway and the role of its Pth activity, are not well understood.
The thermophilic archaea Archaeglobus fulgidis AF2095 protein is an example of a protein of unknown biological function targeted for structural analysis by the Northeast Structural Genomics Consortium (NESG; http://www.nesg.org) Wunderlich et al. 2004) , which also belongs to the previously unannotated Pfam family UPF0099. In this article, we describe the 3D solution NMR structure of AF2095, together with the structural and functional insights provided by this structure. Comparison of the 3D NMR structure of A. fulgidis AF2095 and the 1.95 Å X-ray crystal structure of the functionally unannotated thermophilic archaea T. acidophilum protein TA0108 that has recently been deposited in the PDB (ID 1RLK) with the human Pth2 X-ray structure (de Pereda et al. 2004) suggests that these proteins are also Pth2 enzymes. Although it had been proposed that the Pth2 family has no bacterial members (Rosas-Sandoval et al. 2002; Fromant et al. 2003; de Pereda et al. 2004 ), assessments of homology models based on the 3D structure of AF2095 reported here demonstrate a wide phylogenetic distribution of the Pth2 enzyme class, including many bacterial proteins, consistent with the recent inclusion of bacterial members in Pfam family UPF0099. The structural and functional analysis also provide some insight in the evolution of the Pth and Pth2 enzyme families.
Results and Discussion

AF2095 NMR structure
The AF2095 structure is well defined by the NMR data where a total of 3201 constraints were used to refine the structure (Table 1) . This is evident by a best-fit superposition of the backbone atoms shown in Figure 1 , where the atomic root mean square The notation of the structures is as follows: <SA> are the final 30 simulated annealing structures; SA is the mean structure obtained by averaging the coordinates of the individual SA structures best fit to each other (excluding residues 1-3, 82-89, and 112-123); and ðSAÞ r is the restrained minimized mean structure obtained by restrained minimization of the mean structure SA (Nilges et al. 1988a ). Nilges et al. 1988c ) is calculated with a force constant of 4 kcal mol -1 Å -4 with the hard-sphere van der Waals radius set to 0.8 times the standard values used in the CHARMM (Brooks et al. 1983 ) empirical energy function (Nilges et al. 1988a,b,c) . e E L-J is the Lennard-Jones-van der Waals energy calculated with the CHARMM empirical energy function and is not included in the target function for simulated annealing or restrained minimization. f The improper torsion restraints serve to maintain planarity and chirality. g These were calculated by using the PROCHECK program. www.proteinscience.org 2851 distribution (RMSD) of the 30 simulated annealing structures about the mean coordinate positions for residues 4-81 and 90-111 is 0.41 6 0.06Å for the backbone atoms. The quality of the AF2095 NMR structure is also evident by the results of the PRO-CHECK analysis, where an overall G-factor of -0.16 and 9.8 bad contacts per 100 residues is consistent with a good-quality structure (Laskowski et al. 1996) . In addition, all of the backbone torsion angles for nonglycine residues lie within expected regions of the Ramachandran plot, where 82.2% of the residues lie within the most favored region of the Ramachandran f,c plot, 15.9% lie in the additionally allowed region, and 1.9% lie in the generously allowed region.
The AF2095 protein adopts an a/b fold composed of a twisted, mixed four-stranded b-sheet (II-I-IV-III) with two a-helices packed against each surface of the b-sheet. In one case, the two a-helices may be viewed as one continuous helix with an ,908 bend that separates the two helical regions (Fig. 1) . Looking along the edge of the b-sheet, the three primary a-helices form a triangular arrangement with the b-strands sandwiched between the helices. The four stranded b-sheet corresponds to residues 4-10 (b 1 ), 49-54 (b 2 ), 75-78 (b 3 ), and 92-98 (b 4 ) and the four helical regions correspond to residues 17-36 (a 1 ), 39-45 (a 2 ), 58-72 (a 3 ), and 101-108 (a 4 ).
There are two distinct regions of the AF2095 structure that are suggestive of being dynamic and disordered as evident by a lack of chemical shift assignments (Powers et al. 2004 ). The C-terminal region of AF2095 that includes residues P112-H123 appears to be disordered. This region of the protein also includes the LEHHHHHH purification tag. It is also interesting to note that this region of the protein includes four closely spaced leucine residues (L111, L113, L114, L116).
Early on in the data collection and resonance assignments for AF2095, the NMR data quality was unexpectedly low for a protein the size of AF2095. A significant improvement in spectral quality was obtained with elevated temperatures, and the subsequent observation of disorder in the partially hydrophobic C-terminal tail appears to suggest a weak aggregation of the protein through an association of the C-terminal region of the protein. The improvement in the quality of the NMR data with a higher temperature is also consistent with the thermophilic nature of A. fulgidis and is probably closer to the functional conditions for which this protein has evolved.
The loop region consisting of residues Q79-I91, which connects b-strands b 3 and b 4 , also appears to be dynamic and disordered in nature (Fig. 1) . Residues L83-V86 have limited or a complete lack of NMR resonance assignments and, as a result, an absence of structural information. The lack of NMR assignments for residues L83-V86 arises because of a complete absence of any peaks that could be attributed to these residues in any NMR experiment, including the 2D 1 H-15 N HSQC spectra. There is no evidence to suggest that the lack of assignments could be attributed to peak overlap (Powers et al. 2004 ). The residues neighboring L83-V86 also exhibit generally weaker peak intensity and minimal structural NOEs.
Analysis of the surface structure of AF2095 using GRASP reveals a distinct cavity with a positive electrostatic potential suggestive of a potential binding site (Fig. 2) . The AF2095 cavity is bordered by helix a 1 and b-strand b 2 , and the base of the cavity is primarily formed by residues I91-V95 and residues L7-R10. These residues correspond to b-strands b 4 and b 1 and the intervening loop that connects the two b-strands. 
Function analysis and leverage of AF2095
Sequence homologs of AF2095 At the time of structure determination, AF2095 was annotated as a "conserved hypothetical protein" in major protein databases: SWISS-PROT (YK95_ARCFU, O28185), PIR (G69511), GenBank (AAB89160.1, NP_07-0920.1), TIGRFAM (TIGR00283), and PFAM (PF01981). AF2095 shares 40% and 36% identity with archaeal proteins MJ0051 from M. jannaschii (Y051_METJA) and SSO0175 from S. solfataricus (Y175_SULSO), respectively. These two archaea proteins have recently been experimentally identified as Pth2 enzymes (Rosas-Sandoval et al. 2002; Fromant et al. 2003) . The sequences of both these enzymes also coincide with the previously unannotated Pfam family UPF0099, where AF2095 is also a member. This sequence analysis strongly suggests that AF2095 belongs to this Pth2 family of peptidyl-tRNA hydrolases (E.C.3.1.1.29).
Structural homologs of AF2095
The recent X-ray crystal structure of human Pth2 (YCE7_HUMAN; PDB ID 1q7s), also called Bcl-2 inhibitor of transcription 1 (Bit1), indicates that Pth2 enzymes adopt a novel protein fold (de Pereda et al. 2004) . Even though eukaryotic/archaeal Pth2 and bacterial Pth (Schmitt et al. 1997) protein structures have very different folds, it has been proposed that Pth and Pth2 have essentially the same catalytic mechanism as do other a/b-fold hydrolases, a catalytic triad composed of a nucleophile, a basic, and an acidic amino acid. This is supported by the observation that human Pth2 exhibits catalytic activity in cleaving E. coli purified diacetyllysyl- (Glaser et al. 2003) . Maroon indicates conserved; cyan, variable. Sequences used in the ConSurf analysis were obtained from a PSIBLAST search against the nonredundant database using an e-value <0.001 after four iterations. Conserved residues cluster to the b3-b4 loop and the N terminus of a1, as well as to the region containing a surface patch of positive electrostatic potential. The right column is rotated -458 about the Y-axis, relative to the left column.
www.proteinscience.org 2853 tRNA Lys to produce free diacetyl-lysine and tRNA. A proposed tRNA interaction region of human Pth2 was inferred from a nonuniform distribution of a positive electrostatic surface potential comprising the b1-a1 loop, the b3-b4 loop, and a1. Residues involved in the catalytic activity of human Pth2 were inferred from conserved and spatially proximal surface residues that form a potential active site.
AF2095 shares 36% sequence identity with human Pth2 and also shares 44% sequence identity to conserved hypothetical protein TA0108 from T. acidophilum (Y108_THEAC; PDB ID 1rlk). Both the human Pth2 and TA0108 sequences were identified in the PSI-BLAST searches seeded with the AF2095 sequence. The 1.95 Å X-ray structure for TA0108 has been determined by the Midwest Center for Structural Genomics Research and is currently unpublished. The reported 2.0 Å X-ray structure for human Pth2 corresponds to residues 66-179 of the complete protein sequence, where residues 1-65 have been tentatively assigned to a localization signal in eukaryotes. Structural alignment of AF2095 with both TA0108 and human Pth2 in PrISM (Yang and Honig 1999) yields 3.8 Å and 3.7 Å RMSD, respectively (Fig. 3) . The largest deviations in tertiary structure between AF2095 and human Pth2 occur in the b 1 -a 1 loop, the b 3 -b 4 loop, and the N terminus of a 1 , which have different relative orientations in these structures.
While the disordered b 3 -b 4 loop in AF2095 lacks any experimental data to define its relative conformation, the distinct orientation and packing of the a 1 -a 2 region is defined by 156 long-range NOEs and 363 short-range NOEs. These NOEs are equally distributed over the length of the helices and are all satisfied in the AF2095 NMR structure. Similarly, the a 1 -a 2 region is also consistent with f/c torsion angles based on 13 Ca/Cb chemical shifts as defined by TALOS (Cornilescu et al. 1999) . Specifically, the carbon chemical shifts and TALOS predict a modest deviation from typical f/c a-helical values between residues K34 and D36. Additional validation for the proper packing of the AF2095 NMR structure is provided by MolProbity analysis of bad contacts (Lovell et al. 2003) . The packing violations observed for AF2095 are consistent with good-quality NMR structures. In addition, the violations are distributed throughout the 3D structure and are not concentrated in the b 1 -a 1 loop, the b 3 -b 4 loop, or the N terminus of a 1 , which differ from those of the human Pth2 and TA0108 structures. Presumably, if there was a packing error in these regions of the AF2095 structure, there would be a concentration of bad contacts identified by the MolProbity analysis (see Supplemental Material).
The sequence-based alignment between AF2095 and human Pth2 indicates a three-residue deletion in the region of a 1 and a 2 . The shorter length of this helical region in AF2095 may explain the different orientation of the N terminus of a 1 compared with that of human Pth2. The N terminus of a 1 in AF2095 may be displaced to compensate for this three-residue deletion and to allow for the proper alignments of b 1 and b 4 with the remainder of the b-sheet. Also, residues that comprise the disordered b 3 -b 4 loop in AF2095 are proximal to the N terminus of a 1 . This interaction may contribute to the displacement of a 1 , especially since the average conformation of the disordered loop in the AF2095 NMR structure is distinct from the human Pth2 X-ray structure. Further contributing to these observed structural differences, may be the fact that the AF2095 NMR structure was determined at an elevated temperature (408C).
The proposed active site residues of human Pth2 are conserved in AF2095; however, due to the structural differences in the two proteins, particularly the dynamic loop conformations, these residues are not well aligned in the structures. Superposition of the AF2095 NMR structure with human Pth2 and TA0108 only aligns D80 with the corresponding acid residues, where T90 from AF2095 actually aligns with the basic catalytic residues. Again, these putative functional residues correspond to a dynamic and disordered loop region (Q79-I91) in the AF2095 structure, so a low alignment with the Pth2 X-ray structures is not surprising. Based on the conservation of the putative functional residues of human Pth2 in these three proteins and in the AF2095 family, the active-site residues for AF2095 and TA0108 can be inferred ( Table 2) .
The dynamic property of the b 3 -b 4 loop and the poor alignment of the catalytic triad may imply a conformational adjustment or stabilization of the AF2095 structure when the protein binds a peptidyl-tRNA. A conformational change or an induced fit upon the binding of a ligand in the enzyme's active site is a common occurrence (Burkhard et al. 1999; Hynson et al. 2004; Romanowski et al. 2004; Venkitakrishnan et al. 2004) . Enzymes that bind tRNA exhibit similar ligand-induced conformational changes upon binding tRNA (Crepin et al. 2003; Zhang et al. 2003; Phannachet and Huang 2004) . In fact, the binding of tRNA to aminoacyl-tRNA synthetase is required to properly arrange the active site for the catalytic activity of these enzymes (Francklyn et al. 2002; Sherlin and Perona 2003) . A similar requirement may also exist for AF2095 and other Pth2 enzymes. Thus, the differences observed between the alignment of the NMR structure of AF2095 with the X-ray structures of TA0108 and human Pth2 may simply reflect changes in the dynamic behavior of the proteins in the solution and solid state. Again, significant differences in the dynamic behavior of proteins have been observed when comparing NMR and X-ray structures (Powers et al. 1993; Moy et al. 1997 Moy et al. , 1998 .
Similar to TA0108 and human Pth2, the surface of AF2095 exhibits a positive electrostatic potential, consistent with a nucleic acid binding function. In addition, all three proteins have a negatively charged cluster in the vicinity of the proposed active site surface (Fig. 2B) . The sequence and structure homology between human Pth2 and AF2095 implies that AF2095 functions as a Pth2 enzyme. Furthermore, it also implies that protein TA0108 from T. acidophilum, which is currently defined as a conserved hypothetical protein, is also a Pth2 enzyme.
Leverage analysis of AF2095 NESG prioritizes protein targets for structure elucidation by targeting sequence clusters Wunderlich et al. 2004) . In this manner, experimental structural information that is obtained for any representative protein in a given cluster can be leveraged to predict a quality structural model for the remaining protein members of the cluster by means of homology modeling. AF2095 has been assigned to NESG Cluster ID 17431, which contains a total of 14 proteins from human, Drosophila, Caenorhabditis elegans, Arabidopsis, yeast, archaeal, and eubacteria. When the structural analysis of AF2095 was initiated, no experimental structures were available for any members of this NESG cluster.
PSI-BLAST searches with AF2095 as the initial query against the nonredundant (NR) database were performed, which identified 67 significant hits. A 68th protein (hypothetical protein Mbur208901) was identified by inspecting the multiple sequence alignment of MJ0051 homologs (Rosas-Sandoval et al. 2002) . Essentially, all the sequences identified to be homologous to AF2095 are annotated as proteins of unknown function (see Supplemental Table 1S ). Thus, the NMR structure for AF2095 reported herein may be leveraged to obtain both structural and functional information for an additional 68 proteins.
An effort was made to validate homologs identified by PSI-BLAST by evaluating the quality of the resulting homology models (see Supplemental Table 1S ). After removal of human Pth2, TA0108, and two proteins with >95% sequence identity with AF2095 from the leverage list, MODELLER (Sanchez and Sali 1998a) yielded good models based on the normalized ProsaII Z-scores (pG > 0.7) (Sippl 1993) for 63 sequences. Removing likely isoforms or polymorphisms yielded a revised leverage list of 53 high-quality and sequenceunique models for the AF2095 NMR structure. -18 after the last round of PSI-BLAST, respectively), initial models obtained were unreliable with pG scores of 0.55 and 0.00, respectively. In such cases, the alignment most likely contains errors. As an example, T05298 has a 42-residue insertion (region 144-185) that is not covered by the AF2095 template. Removal of the 42-residue insertion region and modeling of the remainder of the sequence provided a relatively reliable model for T05298 (pG score, 0.66). For EAA17753, a reliable model (pG score 0.78) could be made by using 1q7s and 1rlk as additional templates to the AF2095 NMR structure. Therefore, we estimate that the leverage for the AF2095 NMR structure is at least 55 sequences when EAA17753 and T05298 are included. The total increases to 65 with the inclusion of highly similar sequences.
Previous sequence alignments, which did not include the analysis of the quality of predicted homology models, have been reported by using human Pth2 (de Pereda et al. 2004) or archaeal Pth2 proteins from M. jannaschii (RosasSandoval et al. 2002) and S. solfataricus (Fromant et al. 2003) . A significant observation reported from these prior alignment efforts indicated that Pth2 homologs were not present in bacteria. Conversely, the AF2095 leverage list contains proteins from archaea, eukaryotes, and bacteria proteins from Corynebacterium diptheriae, Corynebacterium efficiens, Corynebacterium glutamicum, Streptomyces avermitilis, and Streptomyces coelicolor. These bacterial proteins have 26%-29% sequence similarity to AF2095, with pG scores ranging from 0.81 to 0.98 for the homology models. Our analysis of sequence and structure homologs of AF2095 has clearly indicated that Pth2 enzymes have a wider phylogenetic distribution than previously thought. Recently, the Pfam family UPF0099 has been updated to include these bacterial proteins.
Phylogenic analysis and evolution of Pth and Pth2 enzymes
The complete lack of sequence and structural similarity between the Pth and Pth2 enzyme families, while maintaining comparable hydrolase activity, is suggestive of convergent evolution. Our structural and functional analysis of AF2095 allows us to propose a potential evolutionary pathway for the Pth and Pth2 enzymes. It appears that eukaryotes inherited Pth2 enzymes from the archaea lineage during the formation of the mitochondria from the endosymbiosis of two prokaryotes (Brown and Doolittle 1997) . Similarly, bacteria appear to have inherited Pth2 from archaea by lateral gene transfer (Hao and Golding 2004) after the emergence of the three separate domains. A phylogenic tree (Fig.  4) based on sequence similarity of at least ,30% with AF2095 supports this proposed Pth2 evolutionary pathway.
Pth enzymes are essential for bacteria viability, where Pth2 enzymes are known to be conserved in all archaea. Conversely, Pth and Pth2 enzymes are nonessential in yeast (Menez et al. 2002; Rosas-Sandoval et al. 2002) . Archaea contain only Pth2 enzymes, which have been implicated as being involved in mitochondrial protein synthesis in eukaryotes (Rosas-Sandoval et al. 2002; Jan et al. 2004; Stupack and Cheresh 2004) . These results, combined with the observation that the primary branch (colored blue) in the AF2095 phylogenic tree contains only archaea and eukaryotic proteins, are consistent with eukaryotes inheriting Pth2 from archaea as part of the formation of the mitochondria. Furthermore, the closest Pth2 enzyme to AF2095 in this branch of the phylogenic tree comes from Entamoeba histoltica, an evolutionarily distant organism (Woese 2000) that contains a number of proteins, in addition to AF2095, that are common to A. fulgidis. This result strongly suggests a common ancestor (Field et al. 2000) that is consistent with the proposed evolutionary pathway that would relate A. fulgidis and E. histoltica through the formation of the mitochondria in eukaryotes.
The next closely related branch in the AF2095 phylogenic tree (colored red) contains no archaea Pth2 sequences, but it contains all the bacteria and virus genomes with an identified Pth2 enzyme. Again, this would be consistent with lateral gene transfer of Pth2 to bacteria from archaea after the separation of these domains. All the bacteria genomes that were identified to contain a Pth2 enzyme also contain Pth enzymes. Since Pth activity is crucial for bacteria viability, this observation would be consistent with bacteria inheriting the redundant Pth2 gene from archaea as opposed to the simultaneous evolution within the same organism of functionally redundant enzymes that are sequence and structurally distinct. This analysis would also imply that the Pth gene evolved separately through the bacteria lineage and was inherited by eukaryotes when eukaryotes and eubacteria diverged (Rosas-Sandoval et al. 2002) . Again, this is consistent with eukaryotes containing both Pth and Pth2 enzymes, where Pth2 is a mitochondrial protein. The two remaining branches are almost exclusively either archaea or eukaryotic proteins, where the eukaryotes are primarily higher organismssuch as human, mouse, rat, and fly-representing distant evolution of the Pth2 enzyme.
Conclusion
The NMR solution structure for AF2095 has provided insight into the function of AF2095. The sequence and structure similarity between AF2095 and human Pth2 Figure 4 . Phylogenic tree of Pth2 enzymes with ,$30% sequence similarity to AF2095, including homologs. For clarity, each major branch is colored separately, each organism is labeled archaea (A), eukaryote (E), and eubacteria (Eu), and the homologs are numbered sequentially.
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suggests that AF2095 is a peptidyl-tRNA hydrolase, specifically a Pth2 enzyme. Structural comparison between the Pth2 structures and the prediction that the hydrolase contains a catalytic triad composed of a nucleophile, a basic, and an acidic amino acid (Sanishvili et al. 2003; de Pereda et al. 2004 ) enables the prediction of residues in AF2095 that may comprise a catalytic site, specifically K19 (located at the beginning of a1), D80, and T90 (located at the b3-b4 loop), which are conserved in AF2095 homologs. These residues are proximal to the proposed tRNA interaction region, which has a strong electrostatic positive field. However, the distances between these putative catalytic residues in AF2095 would likely preclude them from forming a triad in the conformation observed in the AF2095 structure. Thus, the proper assembly of the active site may first require binding the peptidyl-tRNA as previously observed with aminoacyl-tRNA synthetase. The properties of the electrostatic surface of AF2095 are consistent with a nucleic acid binding function as well as with the previous analysis of Pth2 structures. The AF2095 NMR structure provides structural and functional leverage for 55 protein sequences from a variety of organisms, including five bacterial proteins. The AF2095 leverage analysis implies that Pth2 is an extensive family present in archaea, bacteria, and eukaryotes, which is contrary to prior predictions but consistent with the recent addition of bacterial proteins to Pfam family UPF0099. Phylogenic analysis of the Pth2 enzymes homologous to AF2095 supports convergent evolution of the Pth and Pth2 enzymes, suggesting that eukaryotes inherited Pth2 as part of the mitochondria organelle.
Materials and methods
Sample preparation and data collection
Uniformly (>95%) 15 N-and 15 N/ 13 C-enriched recombinant AF2095 (13.6 kDa, 123 amino acids, PI 9.4) was expressed in E. coli and purified as described elsewhere (Acton et al. 2005) . The NMR samples contained 1 mM AF2095 in 95% H 2 O/5% D 2 O solution containing 20 mM MES, 100 mM NaCl, 10 mM DTT, 5 mM CaCl 2 , and 0.02% NaN 3 at pH 6.5. All spectra were recorded at 408C on Bruker and Varian 500-, 600-, 750-, and 800-MHz NMR spectrometer using a gradient enhanced triple-resonance 1 H/ 13 C/ 15 N probe. 1 H, 15 N, 13 C, and 13 CO assignments and secondary structure determination of AF2095 were reported previously (Powers et al. 2004) . In addition to the NMR experiments used for the AF2095 resonance assignments, the present structure is based on the following series of spectra: HNHA (Vuister and Bax 1993) , 1 H-15 N HSQC, and 3D 15 N- (Marion et al. 1989; Zuiderweg and Fesik 1989) and 13 C-edited NOESY (Ikura et al. 1990; Zuiderweg et al. 1990 ) experiments. The 15 N-edited NOESY and 13 C-edited NOESY experiments were collected with 100-msec and 80-msec mixing times, respectively. Spectra were processed by using the NMRPipe software package (Delaglio et al. 1995) and analyzed with PIPP (Garrett et al. 1991 ) on a Linux workstation.
Interproton distance restraints
The NOEs assigned from 3D 13 C-edited NOESY and 3D 15 Nedited NOESY experiments were classified into strong, medium, weak, and very weak corresponding to interproton distance restraints of 1.8-2.7 Å (1.8-2.9 Å for NOEs involving NH protons), 1.8-3.3 Å (1.8-3.5 Å for NOEs involving NH protons), 1.8-5.0 Å , and 3.0-6.0 Å , respectively (Williamson et al. 1985; Clore et al. 1986 ). Upper distance limits for distances involving methyl protons and nonstereospecifically assigned methylene protons were corrected appropriately for center averaging (Wu¨thrich et al. 1983) . Hydrogen bond restraints were deduced on the basis of slowly exchanging NH protons, which were identified by recording a 1 H-15 N-HSQC spectrum after exchanging an AF2095 sample from H 2 O to D 2 O. Two distance restraints were used for each hydrogen bond (rNH-O = 1.5-2.3 Å , rN-O = 2.4-3.3Å ).
Torsion angle restraints
The f and c torsion angle restraints were obtained from chemical shift analysis by using the TALOS program (Cornilescu et al. 1999 ) and from consistency with distance restraints for intraresidue and sequential NOEs involving NH, C a H, and C b H protons, and 3 J(H N -H a ) coupling constants measured from the relative intensity of H a cross-peaks to the H N diagonal in the HNHA experiment (Vuister and Bax 1993) . The minimum ranges employed for the f, and c torsion angle restraints were 6308 and 6508, respectively.
Structure calculations
An initial structural fold for AF2095 was determined by automated analysis of NMR data using the programs AutoStructure (Huang 2001; Huang et al. 2003; Zheng et al. 2003; Huang et al. 2005) and DYANA (Guntert et al. 1997 ) along with slow amide exchange and 3 J(H N -H a ). The best DYANA structure was then used in further refinement by using XPLOR-NIH software. The structures were further refined using the hybrid distance geometry dynamical-simulated annealing method of Nilges et al. (1988c) with minor modifications (Clore et al. 1990) , using the program XPLOR-NIH (Schwieters et al. 2003) , adapted to incorporate pseudopotentials for 3 J(H N -H a ) coupling constants (Garrett et al. 1994) , secondary 13 C a / 13 C b chemical shift restraints (Kuszewski et al. 1995) , radius of gyration (Kuszewski et al. 1999) , and a conformational database potential (Kuszewski et al. 1996 (Kuszewski et al. , 1997 Kuszewski and Clore 2000) . The target function that is minimized during restrained minimization and simulated annealing comprises only quadratic harmonic terms for covalent geometry, 3 J(H N -H a ) coupling constants, and secondary 13 C a / 13 C b chemical shift restraints, square-well quadratic potentials for the experimental distance, radius of gyration and torsion angle restraints, and a quartic van der Waals term for nonbonded contacts. The radius of gyration can be predicted with reasonable accuracy on the basis of the number of residues using a relationship determined empirically from the analysis of highresolution X-ray structures (Kuszewski et al. 1999) . The force constant for the conformational database and radius of gyration potentials were kept relatively low throughout the simulation to allow the experimental distance and torsion angle restraints to predominately influence the resulting structures. The force constant for the NOE and dihedral restraints was 30 times and 10 times stronger then was the force constants used for the conformational database and radius of gyration potentials, respectively. All peptide bonds were constrained to be planar and trans. There were no hydrogen-bonding, electrostatic, or 6-12 Lennard-Jones empirical potential energy terms in the target function.
Leverage analysis
Determination of the number of protein sequences for which quality homology models can be built with the structure of AF2095 as a modeling template was performed in several automated steps. First, a PSI-BLAST (Altschul et al. 1997) search was performed against the National Center for Biotechnology Information (NCBI) NR protein database with AF2095 as the query sequence. The threshold for inclusion of a hit in the PSI-BLAST position-specific scoring matrix (or PSSM) was 0.0005, and 10 rounds of iteration were allowed. Significant hits were defined as those hits with e-values in the final round of <0.001. Next, the sequences of proteins of known structure and redundant sequences from the same species were removed from the hit list. For the purpose of our analysis, two sequences from the same species were considered redundant if their regions aligned to AF2095 are of the same length and >95% identical to each other. The remaining significant hits comprise our "homolog list." Protein structure models were built for all sequences in the homolog list as well as for nonsignificant PSI-BLAST hits (i.e., e-value > 0.001) if these had >50 residues aligned to AF2095. Including nonsignificant hits allowed us to test for the existence of possible structural homologs whose sequences have diverged from AF2095 to an extent too great to be detected with confidence by PSI-BLAST. Ten models were calculated for each PSI-BLAST alignment using comparative modeling, as implemented in program MODELLER (Sali and Blundell 1993) . Subsequently, each model's quality was assessed by ProsaII (Sippl 1993) . ProsaII Z-scores describe the difference in free energy of a model being evaluated and the average free energy of an ensemble of models obtained by threading the same sequence through unrelated folds. For each set of 10 alignments, only the model with the most significant (lowest) ProsaII Z-score was retained. The probability that a model is reliable, given its Z-score value and length, was calculated by the pG server (Sanchez and Sali 1998b ; http:// sanchezlab.org/servers/pg). pG values provide a way to compare statistical significance among models of different lengths. Based on past analyses (Sanchez and Sali 1998b) , models with pG scores between 0.7 and 1 are considered reliable and, thereby, likely to have the same fold as AF2095. Models, generated as described above, that were assessed as unreliable (i.e., pG < 0.7) were considered manually. Generally, it was possible to derive significantly improved models by manually editing the sequence alignment between homolog and template or by using alternative templates, i.e., 1rlk or 1q7s, that are structurally homologous to AF2095.
Comparison of AF2095 with homologs of known structure AF2095 structure (PDB ID 1rzw) and the structures of its homologs, hypothetical protein TA0108 from T. acidophilu (PDB ID 1rlk) and human Pth2, also called Bcl-2 inhibitor of transcription 1 (Bit1) (PDB ID 1q7s; de Pereda et al. 2004) , were superimposed by MODELLER and PRISM (Yang and Honig 1999) . Two residues were considered structurally equivalent if their C a atoms are <3.5Å apart upon rigid body superposition. The sets of homologs for 1rlk and 1q7s were obtained as described for AF2095 above.
Pth2 family multiple sequence alignment
The multiple sequence alignment for AF2095 and its homologs incorporated those sequence fragments aligned to AF2095 by PSI-BLAST. The alignment was performed by ClustalW (Thompson et al. 1994) and refined manually by matching secondary structure information about AF2095 and its homologs of known structure (TA0108 and human Pth2) to secondary structure predictions (Kelley et al. 2000) for the homologs of unknown structure. Similarly, ClustalW was used to generate the phylogenic tree based on sequence alignment to AF2095.
Electrostatic calculations
Electrostatic potentials of structures and models were calculated and visualized in GRASP (Nicholls et al. 1991) . In all calculations, the monovalent salt concentration in the continuum solvent was set to 0.1 M. The surface-mapped potential is graded from -5 kT/e (red) to 5 kT/e (blue).
Electronic supplemental material
Electronic supplemental material contains images summarizing the experimental data and quality assessment of the AF2095 NMR structure that supports the differences observed between the Pth2 structures illustrated in Figure 3 , as well as a table listing the AF2095 homologs identified from PSI-BLAST, with corresponding information about structural models.
